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Introduct ion 

Yoneda, e t  a l l  have published in the  1940's a s e r i e s  of s t u d i e s  on t h e  uae 
Of aqueous potassium carbonate so lu t ions  a s  high-pressure water gas  s h i f t  c a t a l y s t s .  
They showed t h a t  t h e  i n i t i a l  s t e p  consis ted of the  reac t ion  of CO with KzCO, t o  
produce KOOCH as follows: 

CO + K&O, + H,O = KCQCH + KHCO, ( l a )  

and t h a t  t h i s  reac t ion  was r e l a t i v e l y  rapid at temperatures of t h e  order  of 250-3OO'C. 
The second s tep ,  t h e  decomposition of KOOCH t o  produce hydrogen by reac t ion  (2) below, 
was shown t o  be r e l a t i v e l y  s l o w ,  however, i n  the  above temperature range. 

K W H  + H,O = IWCO, + H, (2) 

The use of c a t a l y s t s  t o  accelekate  t h e  water gas s h i f t  and presumably reac t ion  ( 2 )  
was a l s o  studied.(1b) 
Cd, A l l  Zn, C r ,  Sn and Co were most e f f e c t i v e .  

A number of metal carbonates were s tud ied  wherein those of 

The combination of reac t ions  ( l a )  and (2) with t h e  decomposition of KHCO, v ia  
reac t ion  (3) below, 

2 KHCO, = K,CO3 + CO, c H,O (3) 

is equivalent t o  t h e  water gas  s h i f t ,  react ion,  i . e . ,  

CO + H,O = CO, + H, ( 4 )  

Somewhat l a t e r  Royen and Erhard(,! made a similar study of a nonaqueous 
water gas s h i f t  c a t a l y s t  which consis ted of K,CO, impregnated on ac t iva ted  carbon. 
They showed t h a t  t h e  mechanism followed the same route  out l ined  by Yoneda, et  a1 
f o r  t h e  aqueous system. 

The reac t ions  in t h e  "dry" charcoal supported system proceeded under much milder 
condi t ions than in t h e  aqueous system because of t h e  higher surface area of the  char- 
coa l  absorbent and because t h e  charcoal apparently possesses some c a t a l y t i c  a c t i v i t y  ' 

for decomposition of KOOCH. 

Neither s e t  of inves t iga tors  discussed the  p o s s i b i l i t i e s  of a c y c l i c  system 
wherein the CO absorpt ion s t e p  is separated from hydrogen generat ion v i a  formate 
decomposition. 

It is t h e  purpose of t h i s  paper t o  describe in summary form the  work car r ied  out 
sporadical ly  in the  CCDC labora tor ies  over a period of years  t o  evaluate  t h e  poten t ia l  
of such a cyc l ic  system. 

m e r e  a r e  a number of a l t e r n a t i v e s  i n  the way t h a t  such a system can be conducted 
but considerat ions given here  a re  l imited t o  the u s e  of aqueous potash solut ions 
wherein the CO absorption s t e p  is c a r r i e d  out noncatalyt ical ly  while the formate 
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decomposition is conducted with t h e  a id  of a supported c a t a l y s t  which has substant i -  
a l l y  no s o l u b i l i t y  i n  t h e  aqueous reagent .  

The system under cons idera t ion  and experimental work t o  t e s t  i ts  f e a s i b i l i t y  is  
Economic evaluat ion of the system is now underway a t  the descr ibed i n  what fol lows.  

CCDC labora tor ies ,  but no data  on t h i s  quest ion a r e  ava i lab le  for presentat ion at 
t h i s  t i m e .  

Process  Description 

The s y s t e m  under cons idera t ion  f o r  removal of CO from a CO-rich gas and its con- 
version t o  a separa te  stream of hydrogen is i l l u s t r a t e d  schematically i n  Figure 1. 

Formate synthesis  is v ia  noncatalyzed reac t ions  ( l a  and l b ) :  

H,O +-CO f K,CO, = KOOCH + KHCO, ( l a )  

co + KHCO, = KOOCH f CO, (1b) 

No d i s t i n c t i o n  has been made i n  the discussion t h a t  follows between the r a t e  of 
t h e  two reac t ions .  
however. 

No experimental data  t o  prove t h i s  equivalence a r e  avai lable ,  

The r a t i o n a l i z a t i o n  here  is t h a t  the mechanism involves, as  proposed by Royen 
and Erhard,(3)  t h e  r e a c t i o n  of CO with hydroxyl ion .  As long as  the hydroxyl ion  
concentrat ion is high enough t o  s u s t a i n  mass t r a n s f e r  r a t e  cont ro l ,  then the r a t e  
should be reasonably independent of the salt composition. 

Various type of contact ing devices f o r  reac t ions  ( l a  and l b )  have been invest i -  
ga ted  i n  a prel iminary fash ion  as  w i l l  be discussed below. A s u i t a b l e  device would 
be a gas sparged bubble column possibly packed with a c a t a l y t i c  i n e r t  packing t o  
increase the  gas- l iquid i n t e r f a c i a l  area and accordingly the  mass t r a n s f e r  r a t e .  
Sui tab le  operating condi t ions w i l l  be discussed a f t e r  the  experimental A=+.? L?IP 

praseniea.  

It  is e s s e n t i a l  t o  success  of the system presented here t h a t  the  formate 
synthes is  via  reac t ions  ( l a  and l b )  proceed with a r a t e  many f o l d  g r e a t e r  than i ts  
nonca ta ly t ic  decomposition v i a  reac t ion  (2 ) .  
condi t ion i s  r e a d i l y  achieved i n  prac t ice .  

I t  w i l l  be shown below t h a t  t h i s  

The second e s s e n t i a l  s t e p  i s  the  catalyzed decomposition of formate via  react ion 
( 2 ) .  
wherein steam is passed countercurrent  t o  t h e  descending stream of aqueous formate. 
The experimental system discussed, however, used a cocurrent system but t h i s  was done 
only f o r  experimental convenience. 

The prefer red  system here i s  a fixed-bed c a t a l y s t ,  t r ickle-phase operation 

The gas  leaving the  formate decomposition w i l l  contain appreciable  amounts of 
carbon dioxide and may conta in  i n  addi t ion  small but  appreciable amounts of carbon 
monoxide. 
and t h e  reverse  of r e a c t i o n  3). 
posing t h e  KHCO, i n  the  e f f l u e n t ,  l i q u i d  stream from the  formate decomposition v i a  
steam s t r ipp ing  a t  a reduced pressure.  

These must be removed from the  f i n a l  gas  by conducting reac t ions  ( l a ,  l b  
The reversa l  i s  e f fec ted  by f i r s t  p a r t i a l l y  decom- 

The K,CO, enriched l i q u i d  i s  then  used t o  absorb res idua l  CO, and CO from the  
hydrogen-rich gas i n  a countercurrent  column a t  a reduced temperature as  shown. 

Various Lypes of CO-rich gas may be t.reatec! b)- t h e  J i Y O p O S e d  process ,  but the 
discussion here i s  l imited t o  trcatnient of a low hydrogen and methane content gas .  
A generic  schematic system for generat ion of a CO-rich gas integrated with the 
formate system is  shown i n  Figure 2. 
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The system shown i n  Figure 2 envis ions generation of a low hydrogen and methane 
content gas  v i a  g a s i f i c a t i o n  of a hydrogen def ic ien t  f u e l  such as c o a l  or char .  
p a r t i c u l a r l y  s u i t a b l e  feedstock, f o r  example, i s  a low temperature char  produced by 
f l u i d  bed carbonizat ion of t h e  residue from coal  e x t r a c t i o n  or hydroextract ion.  

A 

The hydrogen and methane contents  are maintained low by operat ing at a r e l a t i v e l y  
high e x i t  temperature from t h e  g a s i f i e r ,  i .e.,  a t  1750'F or above, and by recyc le  of 
COS t o  t h e  g a s i f i e r  r a t h e r  than  by use of steam. 

The CO, is suppl ied e i t h e r  by recycle  of the t a i l  gas  from t h e  formate system 
or by CO, evolved from t h e  KHCO, decomposition or both a s  i l l u s t r a t e d  in Figure 2. 

The g a s i f i e r  i t s e l f  may be operated with a i r ,  oxygen-enriched air or r e l a t i v e l y  
pure oxygen depending i n  p a r t  on t h e  s p e c i f i c  type of g a s i f i e r  chosen. Various types  
of g a s i f i e r s  may be used here  including en t ra ined  phase, f l u i d  bed or f i x e d  bed systems 
but it is outside t h e  scope of t h i s  paper t o  d iscuss  t h e  g a s i f i c a t i o n  s t e p  f u r t h e r .  

The system shown i n  Figures  1 and 2 makes no s p e c i a l  provis ion f o r  removal Of 
s u l f u r  from the  gas .  
nous coa ls  or l i g n i t e s ,  t h e  major f r a c t i o n  of t h e  s u l f u r  w i l l  be re ta ined  i n  t h e  c o a l  
ash, a t  l e a s t  when a f l u i d  bed g a s i f i e r  is used. A considerable amount of s u l f u r  w i l l  
a l s o  be re jec ted  with t h e  CO, i n  t h e  KHCO, decomposition s t e p s .  The r e s u l t  should be 
t h a t  t h e  res idua l  gas  would be l o w  enough i n  su l fur  a f t e r  inc inera t ion  f o r  d i r e c t  
re lease  t o  the  atmosphere. 

Emerimental  

When t h e  system is applied t o  r e l a t i v e l y  low-sulfur subbitumi- 

The experimental procedure used i n  t h e  course of t h i s  work w i l l  only be described 
i n  summary form because of t h e  la rge  number of d i f f e r e n t  top ics  covered. 

s tud ied  by a number of d i f f e r e n t  methods. 
pool height ,  s t i r r e d  r e a c t o r  was previously descr ibed.(4 
made using the  same reac tor  operated batchwise with respec t  t o  the  l i q u i d  but  continu- 
ously with respect  t o  the  gas .  Continuous s t u d i e s  were a l s o  made i n  a s t i r r e d  p i l o t  
p lan t  reacto?. The r e a c t i o n  system and i t s  operat ion was i d e n t i c a l  t o  t h a t  previously 
described i n  connection with i t s  use f o r  the  analogous noncatalyzed reduction of 
K, . s ,O , (~ )  with CO. 
bubble column. 

The noncatalyt ic  synthes is  of formate by r e a c t i o n  of CO with aqueous carbonate was 
A continuous reactor  sys t em using a 3" I D  x 9" 

Kinet ic  s t u d i e s  were likewise 

The r e a c t i o n  was a l s o  s tudied  i n  a 3" I D  continuous gas-sparged 

The c a t a l y t i c  decomposition of aqueous formate was s tudied  i n  both batch and con- 
t inuous equipment. 
formate synthes is . (4)  
metals and metal s u l f i d e s  supported on ac t iva ted  carbon. F ina l ly ,  t h e  apparatus was used 
f o r  equi l ibr ium s t u d i e s  i n  t h e  decomposition of formate v ia  r e a c t i o n  ( 2 ) .  
c a t a l y s t  found from t h e  screening study, i . e . ,  9% Mo as  l o S ,  on 12  x 20 mesh Darco 
ac t iva ted  carbon, was used i n  t h i s  work. The apparatus was modified t o  permit sampling 
of both t h e  gas  and l i q u i d  phase a t  various times t o  determine steam p a r t i a l  pressures  
over t h e  l i q u i d  phase. A pressure of 35-40 atmospheres of carbon dioxide was impressed 
on t h e  system t o  e l imina te  complications due t o  decomposition of potassium bicarbonate .  
Equilibrium was assured i n  reac t ion  (3) by approaching it from both s ides ,  i . e . ,  v i a  
synthes is  as well a s  decomposition of formate.  

The batch apparatus used the same 3" I D  s t i r r e d  reac tor  employed for  
The apparatus  was used i n i t i a l l y  f o r  screening s t u d i e s  of various 

The b e s t  

The continuous u n i t  s t u d i e s  of the  decomposition of aqueous formate were conducted 
The same 1 2  x 20 mesh MoS, on carbon c a t a l y s t  using a fixed-bed, t r i c k l e  phase system. 

u s e d  ill the  equi l ibr ium s t u d i e s  was a l s o  used i n  t h i s  work. The 1-1/4" I D  reac tor  was 
c o n s t r ~ c t c d  of llastelloy C t o  e l iminate  s t r e s s  corrosion.  I t  wqs operated cucurrent ly  
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with respect  t o  l iqu id  feed  and gas  withdrawal. 
used is shown in Figure 3. 
bed by m e a n s  of a cup with holes  in the  perimeter. 
The lower 22-1/4" of t h e  reac tor  was packed i n i t i a l l y  with Cannon s t a i n l e s s  steel 
packing. 
mul l i te  beads. 
below t h e  c a t a l y s t  sec t ion  i n  order  t o  p a r t i a l l y  reabsorb any carbon dioxide evolved 
v i a  reac t ion  (3).  
of the  mater ia l  balance opera t ion  t o  obta in  the  data  reported here .  

A schematic sketch of the  equipment 
The l iqu id  feed was d is t r ibu ted  evenly over  the  c a t a l y s t  

The c a t a l y s t  bed was 26" high. 

This was l a t e r  replaced,  because of corrosion, with the  same height of 
The i n e r t  packing w a s  operated a t  a temperature between 55 and 90°F 

A three hour line-out per iod was universal ly  used before i n i t i a t i o n  

The c a t a l y s t  was prepared by impregnation of the  ac t iva ted  carbon with aqueous 
ammonium molybdate. The c a t a l y s t s  were dried and calcined in a ni t rogen stream a t  
5 5 0 9  f o r  four hours, followed by su l f id ing  f o r  four  hours at 5 5 0 9  with 15  mol $ 
hydrogen su l f ide  in hydrogen. 

G a s  analyses were conducted by standard gas  chromatography. 

The l iqu id  samples were analyzed f o r  potassium formate v i a  use of excess potas- 
sium permanganate as  an oxidant followed by back t i t r a t i o n  witb fe r rous  ammonium 
s u l f a t e .  

The bicarbonate conten t  was determined by use of excess KOH t o  convert it t o  
carbonate. The carbonate was converted t o  unreactive form by p r e c i p i t a t i o n  with 
barium chlor ide and the  excess KOH determined by t i t r a t i o n  with HC1.  

Total  carbonate p lus  s u l f i d e  s u l f u r  were determined by acidifying t h e  sample 
with d i l u t e  s u l f u r i c  a c i d  and removal of the  H,S and CO, by purging with ni t rogen.  
Hydrogen su l f ide  was recovered and analvzed iodlmetr ical ly .  Csrbon cIinx!& sqcr 
determined gravimetr ical ly  by absorpt ion on Ascari te  a f t e r  drying the gas  with magne- 
sium perchlorate .  

Rate of Formate Svnthesis  

The r a t e  of formate synthes is  v ia  reac t ions  ( l a  and l b )  was s tudied  i n  a number 
of d i f f e r e n t  types of experimental u n i t s  as  out l ined above. The most extensive study 
was made in the  3" I D  continuous s t i r r e d  unit. A summary of r e s u l t s  obtained in t h i s  
study was presented previously.  ( 

It is outside the scope of t h i s  paper t o  give de ta i led  r e s u l t s  of t h e  formate 
synthes is .  Only summarized conclusions w i l l  be presented. 

The reac t ion  a t  temperatures above 400°F has the c h a r a c t e r i s t i c s  of a l i q u i d  
f i l m  mass t r a n s f e r  cont ro l led  process . (8)  
c o e f f i c i e n t  of t h e  order of 10 Kcal/mol of CO absorbed, t h e  r a t e  is f i r s t  order with 
respect  t o  CO pressure and increases  a t  l e a s t  l i n e a r l y  with a g i t a t o r  speed. The 
absolute  formate synthes is  r a t e  is approximately equivalent  t o  the r a t e  of CO 
consumption in  the  noncatalyzed reduct ion of  aqueous t h i o s u l f a t e  which were reported 
e a r l i e r  . ( 5 )  

The reac t ion  r a t e  has a low temperature 

It a l s o h a s  been found more recent ly  t h a t  the formate synthesis  r a t e ,  l i k e  the  
t h i o s u l f a t e  reduction rate, ( 5 ,  increases  markedly with decreasing s a l t  concentration 
down t o  a t  l eas t  about 35 w t  $ s a l t  concentration. The e f f e c t  of s a l t  concentration 
i s  probably re la ted  t o  t he  decreasing solubility of CO with increasing s a l t  
concent ra t ion(7)  which i n  turn  would have the e f f e c t  of decreasing the  mass t r a n s f e r  
r a t e ,  R ,  of CO, i . c . ,  
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R = kv a Pco ( 5 )  

The reac t ion  r a t e  undergoes a - t r a n s i t i o n  t o  a chemical reac t ion  r a t e  cont ro l led  
regime as  the  temperature is reduced t o  400'F and below. 
negl igibly slow under condi t ions where the  hot potassium carbonate process f o r  
removal of acid gases normally operates ,  i . e . ,  a t  c a  200-240'F. 

The rate apparently is 

The react ion r a t e s  previously repor ted(4)  were r e l a t i v e l y  low. The spec i f ic  

More recent  da ta  have 
r a t e  at 482'F1 f o r  example, was 7 x 
r a t e  was the high s a l t  concentrat ions,  i . e . ,  70 w t  $ employed. 
shown Specific r a t e s  a t  450OF as high as  2 x lo-' l b  mols/hr-ft3-atm using m o r e  
d i l u t e ,  i . e . ,  35 w t  $, s a l t  so lu t ions .  

l b  mols/hr-ft3-atm. One reason for the low 

The above s p e c i f i c  rates are  based on uni t  volume of the  aera ted  l i q u i d ,  not a s  
is often done, t o  base the rates on u n i t  volume of unaerated l i q u i d .  

The commercial embodiment would preferably use a nonmechanically ag i ta ted  con- 
t a c t o r .  
purpose. 
The r a t e  is approximately proport ional  t o  the seven-tenths power( lo) of t h e  super- 
f i c i a l  gas veloci ty  ( V  
r a t e  in a wc reactor('! approaches t h a t  of a vigorously mechanically s t i r r e d  reactor,.  

A gas-sparged bubble column contactor  (BCC) would be s u i t a b l e  f o r  t h i s  
Many  investigator^(*,^) have s tudied mass t r a n s f e r  processes  in BCC reac tors .  

, A t  highly turbulent  condi t ions,  i . e . ,  Vg D. 0 .7  f t / s e c ,  the 

The BCC has  another advantage over a mechanically ag i ta ted  r e a c t o r  i n  t h a t  t h e  
gas  flow p a t t e r n  approaches p i s t o n  flow. 

A few experiments were c a r r i e d  out i n  the CCDC labora tor ies  in a 3" ID BCC 
reac tor  but much more remains t o  be done. The preliminary data  confirm expectat ions 
from the  l i t e r a t u r e  t h a t  high r a t e s  can be obtained i n  a BCC r e a c t o r .  

R a t e  of Formate DeCOmDOSitiOn 

Formate decomposition v ia  reac t ion  (2 )  must obviously be minimized during synthe- 
sis v i a  the  noncatalyzed reac t ion  with CO. The decomposition of formate is  q u i t e  slow 
in t h e  absence of a c a t a l y s t  such t h a t  normally t h i s  is not a problem. Metal 
surfaces  a re  usual ly  readi ly  poisoned for t h i s  reac t ion  by treatment with hydrogen 
s u l f i d e  . 

Conversion of CO t o  hydrogen was only of t h e  order of one mol percent ,  f o r  
example, in the  p i l o t  p l a n t  s t i r r e d  reac tor  operated a t  5 4 0 v ,  720 ps ig  and 35 min- 
u t e s  residence t i m e .  
t o  formate was achieved. 

Eauilibrium Data 

Under t h e  above condi t ions 88 mol $ conversion of carbonate 

There are  f i v e  e q u i l i b r i a  which completely def ine the  system as long as t h e  only 
species  present i n  the l i q u i d  phase are KOOCH, KHC03, K,CO, and H20, and the  only 
species  i n  the gas phase are CO, CO,, H, and H,O. The appropriate  e q u i l i b r i a  are 
t h e  steam pressure over t h e  s a l t  so lu t ions ,  e q u i l i b r i a  i n  reac t ions  (2 ,  3 and 4),  
respect ively,  and s a l t  s o l u b i l i t y  re la t ionships .  

Steam Pressure 

The steam equi l ibr ium pressure decreases w i t h  increasing salt concentrat ion.  It 
is desirable, of course, t o  operate with a s  loa a steam pressure a s  possible .  
no t ,  however, e n t i r e l y  p r a c t i c a l  t o  do t h i s  by i n d e f i n i t e l y  increasing the  s a l t  

It is 

167 



concentrat ion.  
of decreased reac t ion  r a t e ,  l imi ted  s o l u b i l i t y  of one of the  components - usual ly  
mco9, and increased v i s c o s i t y .  

The use of more concentrated s a l t  so lu t ions  incurs  t h e  disadvantages 

The steam p a r t i a l  p ressure  i n  the  K0OCH-K,CO,-KHCO3-H,O system was cor re la ted  
aga ins t  the parameter of  m o l s  K / 1 0 0 0  gm H,O. 
s a l t  so lu t ions  i n  t h e  above system have the  same vapor pressure a t  t h e  same value of 
t h e  above parameter. I n s u f f i c i e n t  experimental data  were obtained t o  ver i fy  t h i s  
assumption prec ise ly .  It is  usefu l ,  however, as  a means of roughly predic t ing  t h e  
vapor pressure of steam over a given s a l t  so lu t ion .  

The basic  assumption here  is t h a t  a l l  

Experimental data  are presented i n  Figure 4 f o r  th ree  series of s a l t  so lu t ions  
a s  a funct ion of temperature on a semi-log p lo t  of vapor pressure versus t h e  recipro- 
c a l  of the absolute temperature. The l i n e s  correspond t o  the  l e a s t  squares regression 
through the experimental p o i n t s .  
regress ion  l i n e s  are  reasonably c lose  t o  t h a t  of pure water a t  t h i s  temperature, 
namely, 9 .O-9.3 Kcal/mol . 

The hea ts  of vaporizat ion ca lcu la ted  from t h e  

Figure 5 ,  is a cross p l o t  of t h e  data  of Figure 4 with temperature as  parameter. 

Eauilibrium in Formate DecOmDOsition 

The equilibrium in r e a c t i o n  ( 2 ) ,  

K-( + H,O( g )  = me03 (aq)  + Hz(e) (2)  

was s tudied  using so lu t ions  equivalent  t o  40 w t  
Equilibrium was approached from both d i rec t ions  by dse of the MoS, c a t a l y s t .  

KC€CH o r  9 mols K/1000 gm H,O. 

The "equilibrium constant"  i n  t h e  above react ion,  i . e . ,  

is not independent of t h e  concentrat ions and p a r t i a l  pressure r a t i o s  due t o  the  large 
devia t ion  from i d e a l i t y ,  p a r t i c u l a r l y  of t h e  s a l t  components. Accordingly, the  
"equilibrium constant" of r e a c t i o n  ( 2 )  is p l o t t e d  as  a funct ion of t h e  molar r a t i o  
(KHCO,)/(KOOCH) i n  Figure 6 .  
s t r a i g h t  l i n e s  t o  represent  t h e  da ta .  

Regression ana lys i s  was again used t o  loca te  t h e  "best" 

Figure 7 shows t h e  p a r t i a l  p ressure  of hydrogen as a funct ion of the  f r a c t i o n  of 
It is immediately KOOCH decomposed via  r e a c t i o n  ( 2 )  with temperature a s  a parameter. 

apparent tha t  t h e  hydrogen p a r t i a l  pressure i s  almost independent of temperature. 
Thus, i f  equilibrium i n  reac t ion  (2 )  is expressed i n  the form, 

KOOCH + H,O(l )  = me03 ( a s )  + H2(g)  (2a)  

it i s  immediately obvious t h a t  the  heat  of reac t ion  (2a)  is s u b s t a n t i a l l y  zero. 

Eauilibrium i n  Formate Svnthesis  

Equilibrium i n  t h e  formate synthesis  reac t ion  ( l b ) ,  

(1b) + mco, = KOOCH + CO, 
( a s )  ( a q )  ( 9 )  

may be expressed simply as t h e  sum of the reverse  .of react ion ( 2 )  and the  water-gas 
s h i f t  r c a c t i o n  ( S I ) ,  anii a c x r ~ r d i n g l y , ,  
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The measured and equi l ibr ium values f o r  the water-gas s h i f t  r a t i o  and the 
calculated equilibrium r a t i o  Pco,/Pco f o r  reac t ion  ( l b )  a t  a molar r a t i o  of KHCO,/ 
KOOCH = 1, are given i n  Table I .  It is immediately c l e a r  t h a t  the equi l ibr ium i n  
reac t ion  (1) is highly favorable and t h e r e  is l i t t l e  equilibrium l i m i t a t i o n  t o  
prevent nearly complete absorption of co. 

The experimental values for the  water-gas s h i f t  r a t i o  obtained i n  t h e  equilibrium 
study of react ion (2)  were usual ly  somewhat higher  than equilibrium. 
t h a t  equilibrium was not q u i t e  achieved i n  the  reverse  of reac t ion  ( l b ) .  

This ind ica tes  

Eauilibrium i n  Bicarbonate Decomaosition 

The equilibrium i n  reac t ion  (3), i .e., 

is now needed f o r  d e f i n i t i o n  of t h e  system. Unfortunately, the system described here  
Operates a t  higher  temperatures and higher  s a l t  concentrations than is usual ly  
employed i n  the “hot pot” process. The equi l ibr ium re la t ionships  are f u r t h e r  compli- 
cated by the presence of KOWH. 
i n  C O M  C t  on with the “hot pot“ process by Tosh, et  al.(l1Y and by Bocard and 
M a y l a n d ~ 1 2 ~  are  of l i t t l e  value f o r  t h e  present case.  

A limited equi l ibr ium study f o r  reac t ion  (3) was, however, made i n  the  course of 
t h e  development of the CCDC Stack Gas Scrubbing Process(’) i n  t h e  KHS-KHCO,-KOOCH-H,O 
system. The da ta  have somewhat l imi ted  a p p l i c a b i l i t y  t o  the  present  case because of 
the  presence of KHS. 
shown i n  the curves given i n  Figure 8. 

Thus, t h e  data  previously resented f o r  reac t ion  ( 3 ) ,  

Some data  i n  the  range of i n t e r e s t  t o  the present  process a re  

These data a r e  compared with the  da ta  on t h e  ac tua l  system i n  Figure 8 f o r  two 
sets of experiments. The f i r s t  set was obtained i n  the  continuous u n i t  where the  
e f f l u e n t  from the c a t a l y t i c  bed was run over an i n e r t  bed of packing a t  t h e  tempera- 
t u r e  indicated.  Equilibrium, accordingly, was not necessar i ly  approached,. It i s  
noted tha t  the p a r t i a l  pressure of CO, i n  the continuous u n i t  series appears s i g n i f i -  
can t ly  lower than the values expected from the equilibrium data. 

A possible explanat ion i s  t h a t  t h e  continuous u n i t  data  are low due t o  f u r t h e r  
The receivers were operated absorption of CO, i n  the  e f f l u e n t  l i n e s  and rece ivers .  

at a temperature usual ly  about lOO’F lower than the  i n e r t  packed bed, but  r e l a t i v e l y  
poor contact between gas  and l i q u i d  was provided. It is, nevertheless ,  t o  be expected 
t h a t  some addi t iona l  CO, absorpt ion occurred. 
equilibrium pressure of CO, should be somewhat lower i n  t h e  continuous u n i t  series 
because of the  higher  water and KOOCH contents .  
data ,  for  example, t h a t  t h e  addi t ion of KOCCH a t  t h e  same water content  suppresses 
t h e  co, dissoc ia t ion  pressure .  

I t  should be noted a l s o  t h a t  t h e  

It is c l e a r  from t h e  equilibrium 

Data from a second set of experiments i n  the  batch u n i t  are a l s o  ind ica ted  on 
Figure 8. 
s i t i o n  temperature t o  437OF and holding a t  t h i s  lower temperature for 30 minutes. 
The deviat ion from the  equi l ibr ium CO, pressure should, i n  contrast  t o  t h e  continuous 
series, be on t h e  high s ide  i n  these runs.  

These data  were obtained by cooling the  batch autoclave from the  decompo- 

The batch d a t a  a r e  somewhat s c a t t e r e d  as  shown, but a r e  i n  the  approximate range 
expected from t h e  equi l ibr ium da ta .  

It is obvious t h a t  more data  are  required t o  e luc ida te  the  equi l ibr ium pressures 
in t h e  actual  system more c lose ly .  
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S a l t  Solubi l i tv  RelationshiDs 

It i s  outs ide the  scope of t h i s  paper t o  present any data  on the  above subject .  
However, due t o  t h e  higher  temperature a t  which t h i s  system operates  as  compared with 
the "hot pot" system, no problem is  incurred because of the presence of insoluble  
salts as long as t h e  t o t a l  salt concentrat ion is below about 50 w t  and t h e  tempera- 
t u r e  is maintained above about 250v. 

Rate Data on Cata lv t ic  Decomuosition of KOOCH 

A screening study of var ious metal s u l f i d e s  supported on ac t iva ted  carbon was 
made i n  t h e  batch autoclave as c a t a l y s t s  f o r  reac t ion  ( 2 ) .  
were the  group VI s u l f i d e s  t y p i f i e d  by MoS, and the  noble metals. 

The continuous u n i t  s t u d i e s  were l imited therefore  t o  the uses  of MoS, and P t  

The best  c a t a l y s t s  found 

c a t a l y s t s .  It soon became obvious t h a t  the  M o S 2  c a t a l y s t  was much more ac t ive  than 
t h e  P t  c a t a l y s t  and accordingly only r e s u l t s  from t h e  former c a t a l y s t  w i l l  be 
presented.  

The feed s o l u t i o n  and c a t a l y s t  used i n  the  continuous uni t  runs presented here  
were of constant  composition as given i n  Table XI. 

The l iqu id  hourly space ve loc i ty  (UISV) was varied between 2 t o  4 at  two opera- 

The l i q u i d  and gas product compositions f o r  the two series are  given 
t i n g  temperatures, i .e . ,  425 and 475°F. 
ve loc i ty  of 3. 
i n  Tables I11 and I V ,  respec t ive ly .  I t  i s  immediately noted t h a t  high p u r i t y  hydrogen 
is generated i n  the  range of 96.5 t o  99.5 mol $. 

One run was made a t  525'F a t  a space 

The major impurity i s  CO,. 

The product composition expressed as  the f r a c t i o n  (KHCO,)/c (KHCO,) + (KOOCH)], 
equivalent  t o  f r a c t i o n a l  decomposition of KOOCH via  reac t ion  (2) ,  is p l o t t e d  as  a 
func t ion  of MSV i n  Fieure 9 where it is com?..rc.i wi+h tk.5 e q ~ i l i k ? ~ :  -:z1"=~. Tk .. 

equi l ibr ium values a r e  es t imated from the  product gas and l i q u i d  compositions with- 
out any correct ion f o r  changes t h a t  occur on cooling. The hydrogen p a r t i a l  pressure 
used t o  es t imate  the decomposition parameter i s  ar r ived  a t  from the  dry gas  compo- 
s i t i o n  and the  steam p a r t i a l  pressure obtained from Figures 4 and 5. It is  noted 
t h a t  at  475'F, equi l ibr ium is c lose ly  approached a s  the  LHSV is reduced t o  a value of 
2. The one r u n  a t  525'F showed a higher  than equi l ibr ium conversion which is 
obviously impossible. 
measured a f t e r  cooling t o  4350F. 
of 525'F was undoubtedly somewhat lower due t o  p a r t i a l  decomposition v i a  reac t ion  (3). 
The hydrogen p a r t i a l  p ressure  is also s l i g h t l y  lower a t  t h e  higher  temperature. These 
f a c t o r s  would cause the  experimental decomposition ratio t o  s h i f t  downward and t h e  
ca lcu la ted  r a t i o  to s h i f t  upward s l i g h t l y .  
equi l ibr ium is  c lose ly  approached at  525'F and USV = 3. 

Cata lvs t  L i fe  

The product l i q u i d  and gas compositions were ac tua l ly  those 
Thus, the  KHCO, content a t  the reac t ion  temperature 

It would appear, i n  any case, t h a t  t r u e  

S tudies  not reported here  with more concentrated s a l t  so lu t ions  indicated a very 
shor t  c a t a l y s t  l i f e .  The major reason f o r  t h e  c a t a l y s t  a c t i v i t y  decl ine was t raced  
t o  t h e  deposi t ion of  inso luble  s a l t s ,  probably KHCO,, blocking t h e  c a t a l y s t  pores. A 
major improvement i n  c a t a l y s t  l i fe  was achieved by use of the more d i l u t e  s o l u t i o n  
shown i n  Table 11. 

The r e s u l t s  of a prolonged run a r e  given in Figure 10. It is noted t h a t  a f t e r  a 
b r i e f  r e l a t i v e l y  rap id  dec l ine ,  t h a t  the  a c t i v i t y  decl ine with time is  r e l a t i v e l y  
s l i g h t .  The experimental da ta  on the  r a t e  of decline a f t e r  35 hours onstream was 
f i t t e d  by a l inear  regression equation: 

y = 52.92 - 0.0075 t .  
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where Y is the percent formate decomposed and t is the time in hours. 

The above equat ion cannot r e a l i s t i c a l l y  be used beyond t h e  range of the data, 
i . e . ,  121 hours. 
value for ca ta lys t  l i f e .  

Process Oaeratinrt Conditionq 

I t  is obvious t h a t  longer runs a r e  required t o  e s t a b l i s h  a r e a l i s t i c  

Considerably more da ta  are required t o  e s t a b l i s h  optimum operating conditions f o r  
the  Process than has  been presented here .  

It is c lear ,  however, t h a t  t h e  salt  concentrat ion should be below 60 w t  $, 
because Of the adverse e f f e c t  of high s a l t  concentration on t h e  r a t e  of formate syn- 
t h e s i s ,  but probably above 35 w t  $. 
reac tor  should be above 400°F, but preferably below 500'F t o  avoid excessive steam 
vapor pressures .  A s u i t a b l e  temperature i s  approximately 450°F. 

The operat ing temperature i n  the formate synthesis  

Approximate s i z i n g  of the  formate synthesis  reac tors  may be obtained by consider- 
ing the  simplest case where synthesis  i s  v i a  reac t ion  ( 2 ) ,  i.e., no change i n  gas  
V O l U m e  occurs, and a BCC type reac tor  i s  used such t h a t  p i s t o n  flow of gas  may 
assumed. 

The appropriate r a t e  equat ions i n  d i f f e r e n t i a l  and in tegra ted  forms are: 

be 

kG ll FCO d V 

F - d FCO = 

kG T I  V 
2.303 log - - - (1:~)- F 

A hypothet ical  case was considered using equat ion ( 7 )  i n  a BCC r e a c t o r  f o r  pro- 
duction of 25,000 l b  m o l s  H,/hr from dry producer gas containing 35 mol $ CO. The 
condi t ions used a r e  i l l u s t r a t e d  i n  Table V. The bas ic  assumption on reac t ion  k ine t ics  
is t h a t  t h e  maximum r a t e  rea l ized  i n  a mechanically ag i ta ted  contactor ,  i.e., k~ = 
0.2 l b  mols/hr-ft3-atm a t  450'F can a l s o  be achieved i n  a FJCC contactor  a t  a super- 
f i c i a l  veloci ty  of 0.75 f t / s e c .  This has  not been demonstrated a s  y e t  and may very 
well prove t o  be opt imis t ic .  Obviously more experimental work is  required.  Under 
t h e  conditions spec i f ied  i n  Table V, t h r e e  12' diameter vessels  with a l i q u i d  pool 
height  of 50' would be required.  To maintain t h e  desired s u p e r f i c i a l  gas veloci ty ,  
the  reac tors  would have t o  be operated i n  p a r a l l e l .  

It is c l e a r  from t h e  data  i n  Table V, t h a t  t h e  minimum operat ing pressure f o r  the 
formate synthesis  r e a c t o r  when operated with producer gas  i s  of t h e  order  of 60 a t m .  
The operating pressure may be reduced somewhat i f  the  g a s i f i e r  i s  operated with oxygen 
or oxygen-enriched a i r ,  but  obviously must always s u b s t a n t i a l l y  exceed the vapor 
pressure of the s a l t  s o l u t i o n  which a t  450- amounts t o  24 atm. 

The c a t a l y t i c  formate decomposition reac tor  should operate  general ly  a t  tempera- 
t u r e s  somewhat higher ,  i .e.,  25-1W°F, than the  synthesis  reac tor .  Countercurrent 
flow of steam versus t h e  formate so lu t ion  w i l l  permit operation a t  maximum pressure 
with minimum steam consumption. The t o t a l  operat ing pressure should be a t  l e a s t  equal 
t o  t h a t  i n  the formate synthesis  r e a c t o r .  The da ta  of Figure 7 ,  f o r  example, indicates  
t h a t  pressures as  high a s  100 atm are  p r a c t i c a l  a t  525OF i n  a countercurrent system. 

The gas leaving t h e  c a t a l y t i c  decomposition zone w i l l  contain appreciable  amounts 

The scrubbing temperature must be below 4C0°F, but desirably 
of carbon dioxide. This must be removed by scrubbing with t h e  K,CO, enr iched reagent 
a s  discussed previously.  
above 250°F t o  prevent deposi t ion of insoluble  salts. 
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Conclusions 

The aqueous formate process  f o r  t r e a t i n g  a CO-rich gas ,  with separat ion and con- 
vers ion of the  CO to a separa te  stream of pure hydrogen has been shown t o  be techni- 
c a l l y  f e a s i b l e .  
condi t ions.  The economic p o t e n t i a l  a l s o  remains t o  be determined. 

More experimental work is  required t o  a s c e r t a i n  optimum operating 

The process i s  l imi ted  i n  scope t o  treatment of gases a t  r e l a t i v e l y  high pressure, 
i.e., above about 4 0  atmospheres. 
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Nome nc 1 a t  ure  

kG = mass t r a n s f e r  rate, l b  mols/hr-ft3-atm. 

5 = volumetric mass t r a n s f e r  r a t e ,  hr-' . 
(r = CO s o l u b i l i t y ,  l b  mols/ft3-atm. 

Pco, PH,, e t c .  = p a r t i a l  pressure of gas, atm. 

(KWH), (KHCO,), etc. = mols of s a l t  i n  quest ion/uni t  volume. 

V = volume of aera ted  l i q u i d ,  f t ' .  

ll = t o t a l  p ressure ,  atm. 

FCO = 

F = t o t a l  gas  flow r a t e ,  f t 3 / h r .  

carbon monoxide flow rate, f t 3 / h r .  

Cy = f r a c t i o n a l  absorpt ion of carbon monoxide. 
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TABLF: I 

Estimated E a u i l i b r i a  in Reaction l b  
CO + IMCO, = KOOCH + CO, 

Water-Gas-Shift Rat io ,  

'COS pHJpH,O 'CO Equilibrium Values at (KHCO,)/(KOOCH) = 1 Temp., 
OF Eauilibrium Emt' l  Rawe 

425 141 150-280 
475 87 88-101 
525 56 53-74 

1.7 
0.92 
0.64 

83  
95 
88 

Solu t ion  

Cata lvs t  

T-g, 

Composition of Feed Solut ion and Catalyst  i n  
Continuous Formate Decornuosition Exweriments 

.. . 

38.90 W t  $ 
10.60 W t  $ 
0.45 W t  $ 

50.05 W t  $ 

'fols ' = 12.45 
1000 gms H,O 

Mols KOOCH = 9.25 
loo0 gms H,O 

9% Mo as MoS, on 12 x 20 mesh Darco ac t iva ted  carbon. 
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TABLE I11 

Product Cornposit ions i n  Cont inuous 
C a t a l y t i c  Decomuosition of KOOCH 

Cata ly t ic  Decomposition Temp., OF 
CO, Absorption Temp., OF 

msv 

Liauid Product 
Mol Fract ion of K as  

KOOCH 
K2C03 
KHCO, 

Mol Fraction %,CO, 
Converted t o  iMC0, 

Drv Exit Gas. Mol !$ 
H 2  

' COa 

H2S 
CH4 

co 

Tota l  Pressure, atrn 
E s t .  P a r t i a l  Pressure H , 0  at 475'F, a t m  
E s t .  P a r t i a l  Pressure H20 at 415'F, a t m  
P a r t i a l  Pressure COS a t  415'F, atm 

175 

e 475 - 
400 415 414 415 

3 3 2 4 

0.372 0.389 0.329 0.466 
0.278 0.284 0.285 0.231 
0.350 0.327 0.386 0.303 

0 . 5 5 8  0.535 0.577 0.567 

96.72 96.83 96.65 97.90 
3 .ll 3 .OO 3.22 1.98 
0.13 0.13 0.11 0.11 
0.02 0.04 0.02 0.01 
0.02 0.00 0 .oo 0.00 

f 52.65 A 
4 32 

15 .o----------S 
1.17 1.13 1.21 0.75 



TABLE IV 

Product Compositions i n  Continuous 
C a t a l y t i c  Decomposition of KOOCH 

Cata ly t ic  Decomposition Temp., OF 
CO, Absorption Temp., "F 

IHSV 

Liauid Product 
Mol Fract ion of K as 

KOOCH 
K,CO, 
i(HC0, 

Mol Fract ion K,CO, 
Converted t o  KHCO, 

Drv Exi t  Gas, Mol 5 
H2 
COZ 
co 
HZS 
QI4 

425- 
365 

3 

0.576 
0.297 
Q.217 

0.513 

98.88 
1.05 
0.05 
0.02 
0 .oo 

370 

2 

0.613 
c) .204 
0.i83 

0.472 

99.21 
0.75 
0.03 
0.01 
0.00 

370 

4 

0.657 
0.206 
0.137 

0 400 

99.58 
0.39 
0.02 
0.01 
0.01 - 44.5- 

ii .S 
Tota l  Pressure, atm 
&st. r a r r i a i  Pressure nzO ar: G S % ,  a m  
E s t .  P a r t i a l  Pressure H,O a t  370°F, atm - 9.2- 
P a r t i a l  Pressure CO, a t  370JF, atm 0.37 0.26 0.14 

.- _.__ - - 

TABLE V 

Sizinp: of Formate Svnthesis Reactor 

Operating Conditions for Production - 25,000 l b  mols/hr H, 

Temperature 
Tota l  Pressure 

S a l t  Concentration 

450°F 
80 atm 

10 mols K 
loo0 gins H,O 

- equivalent t o  46 w t  $ 
s a l t s  a s  KOOCH 

Steam P a r t i a l  Pressure 24 atm 
M o l  Fract ion CO i n  Dry Producer Gas 0.35 
CO ?-Tass Transfer Rate 
?erLent Absorgtion Cc) 51.2 
Su2er f ic ia l  Gas Velocity 0.76 f t / s e c  

0 . 2  lb mols/hr-ft 3-atrn 

No. of 12' I D  x 50' Vessels 3 
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FIGURE 1 
.: 
B> HYDROGEN PRODUCTION FROM CO-RICH GAS 
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FIGURE 5 
STEAM PARTIAL PRESSURE 

vs SALT CONCENTRATION 
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FIGURE 6 
EQUILIBRIUM DATA 
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FIGURE 7 
EQUlLl BRlUM HYDROGEN PRESSURE 
ys FRACTION KOOCH DECOMPOSED 
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FIGURE 9 
APPROACH TO EQUILIBRIUM IN CATALYTIC 

DECOMPOSITION $OF AQUEOUS KOOCH 
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